Introduction {#s1}
============

The mucosa presents a primary barrier against a multitude of micro-organisms present on the mucosal surfaces of the human body [@ppat.1000852-Shattock1]. The intestinal and upper reproductive tract are lined by a continuous monolayer of columnar epithelial cells that is responsible for maintaining the physical and functional barrier to harmful microorganisms, such as bacteria and their products, including bacterial toxins as well as commensal organisms [@ppat.1000852-Wira1]--[@ppat.1000852-Yu1]. The preservation of the barrier function is dependent on the intactness of apical plasma membrane on the epithelial cells as well as the intercellular tight junctions. The disruption of the tight junctions can cause increased permeability, leading to "leakiness" such that normally excluded molecules can cross the mucosal epithelium by paracellular permeation, and could lead to inflammatory conditions in the mucosa.

Various pathogenic organisms have developed strategies to either infect or traverse through the epithelial cells at mucosal surfaces, as part of the strategy to establish infection in the host. In fact, mucosal transmission account for majority of infections in humans [@ppat.1000852-Shacklett1]. Viruses such as rotavirus and astrovirus as well as bacteria such as enteropathogenic *E. Coli* and *C. difficile* are known to increase intestinal permeability by disrupting tight junctions, as part of their pathogenesis [@ppat.1000852-Moser1]--[@ppat.1000852-Nava1]. Increased permeability is also related to a number of other disease conditions that may or may not be related to infection by a pathogen. Crohn\'s disease, a chronic inflammatory condition of the intestines is characterized by defective tight junction barrier functions, manifested by increased intestinal permeability, although the etiology of the disease is not clearly understood [@ppat.1000852-Sanders1].

HIV-1 infection is initiated primarily on mucosal surfaces, through heterosexual or homosexual transmission [@ppat.1000852-Shattock1],[@ppat.1000852-Brenchley1]. In fact, mucosal transmission accounts for greater than 90% of HIV infection [@ppat.1000852-Hladik1],[@ppat.1000852-Hladik2]. A number of clinical studies have reported intestinal barrier dysfunction, especially during chronic stage of HIV infection [@ppat.1000852-Epple1]--[@ppat.1000852-Stockmann2]. However, the pathophysiologic mechanism associated with compromised barrier function and whether HIV-1 plays a direct role in this is still unclear. Currently, epithelial barrier defect during HIV-1 infection is thought to be a consequence of mucosal T cell activation following infection, which could lead to increased production of inflammatory cytokines [@ppat.1000852-Stockmann2],[@ppat.1000852-Brenchley2]. The intestinal barrier dysfunction has also been implicated as the cause of systemic immune activation during chronic phase of HIV infection, although a recent study has raised the possibility that this may not be universal phenomenon [@ppat.1000852-Brenchley2],[@ppat.1000852-Redd1]. Studies that have demonstrated immune activation propose this to be the main driving force for progressive immune failure leading to the immunodeficiency stage [@ppat.1000852-Brenchley3]--[@ppat.1000852-Giorgi1]. In these studies, HIV disease progression was shown to correlate with increased circulating level of LPS, considered an indicator of microbial translocation, in chronic HIV-infected individuals [@ppat.1000852-Brenchley4]. Interestingly, immune activation was observed in both the chronic as well as acute phase of HIV infection [@ppat.1000852-Brenchley4]. The source of or mechanism whereby microbial products could cross the epithelial barrier leading to immune activation have not been elucidated thus far.

In the present study, we investigated the direct effects of HIV-1 exposure on intestinal and genital mucosal epithelia, where primary HIV-1 infection is frequently initiated. We show that in fact the impairment of epithelial barrier function can be a direct result of exposure to HIV-1. Using ex-vivo cultures of pure primary genital epithelium as well as an intestinal epithelial cell line, we show significantly decreased barrier functions and enhanced permeability that is not unique to the intestinal epithelium; similar increase in permeability was seen in the genital epithelium as well. Small amounts of both bacterial and viral translocation were seen following HIV-1 exposure. The mechanism appears to be mediated by increased production of inflammatory cytokines directly from the epithelial cells following exposure to HIV-1, including TNF-alpha, known to disrupt barrier functions. Further, we show that HIV-1 envelope protein gp120 was able to impair barrier functions in epithelial cells on its own. Neutralization of gp120 or exposure to HIV-1 lacking gp160 surface envelope glycoprotein did not have any effect on epithelial cells. These results provide strong evidence that exposure to HIV-1 may lead to impairment in barrier function of mucosal epithelium which could result both in translocation of HIV-1 and/or luminal bacteria that could serve as the source of immune activation during HIV-1 infection.

Results {#s2}
=======

Genital and intestinal epithelial monolayer transepithelial resistances (TER) are decreased following exposure to different strains of HIV-1 {#s2a}
--------------------------------------------------------------------------------------------------------------------------------------------

In order to study HIV-1 induced barrier defect in epithelial monolayers, HIV-1 (10^6^ infectious viral units/ml) was added apically to confluent monolayers of differentiated primary female genital epithelial cells (ECs) or T84 intestinal epithelial cells grown in transwells. Transepithelial resistance (TER), a measure of epithelial monolayer integrity, was measured before and 24h post-infection and calculated as a percentage of pretreatment TER. Transepithelial resistances of primary endometrial epithelial monolayers exposed to various strains of HIV-1 were significantly reduced (p\<0.001 with all HIV-1 strains) by 30--60%, 24h post-exposure ([Figure 1A](#ppat-1000852-g001){ref-type="fig"}). The TER decrease in primary endometrial epithelial monolayers was more pronounced following exposure to clinical strains of HIV-1 \[11242 (60.3±3.16%), 11249 (62.1±3.0%), 4648 (33.3±1.2%), 7681 (50.8±1%)\] as compared to laboratory strains (R5 tropic: Bal, ADA; X4 tropic: NLH4-3, IIIB and MN) of HIV-1 (44.1--33.7±1.2--6.3%). Similar TER decrease (39.0--47.8+1.6--6.0%, p\<0.001, [Figure 1B](#ppat-1000852-g001){ref-type="fig"}) was observed in T84 monolayers with an array of laboratory and clinical strains. Controls included mock-treatment of monolayers with same volume of media, without HIV-1 (media control). Additional controls included treating confluent monolayers with virus-free supernatant from cultures used for preparing virus stocks ([Figure 1B](#ppat-1000852-g001){ref-type="fig"}, R5 and X4 mock control). All mock-infected cultures maintained or showed increase in TERs at 100--120% pretreatment values in both primary endometrial and T84 epithelial cells.

![Primary endometrial epithelial monolayers (A) and T84 intestinal epithelial cell line (B) were exposed to 10^6^ infectious viral units/ml of HIV-1 laboratory strains Bal, NL4-3, ADA (R5 tropic) and IIIB, MN (X4 tropic) and four clinical strains 4648 (R5 tropic) 11242, 7681 (X4 tropic) and 11249 (dual tropic).\
Corresponding p24 values were as follows for R5 tropic: Bal (0.6ng/ml), ADA (two different viral stocks 0.3 ng/ml and 1040 ng/ml), 4648 (49ng/ml); X4 tropic: IIIB (0.7ng/ml and 161ng/ml), MN (103ng/ml and 1110ng/ml), NLH4-3 (93ng/ml), 7681 (773ng/ml), 11242 (342ng/ml); dual tropic 11249 (200ng/ml). Control include cultures that were mock-treated with medium without virus (mock) or virus-free supernatants (R5 and X4 control). Transepithelial resistance (TER), was measured prior to and 24 hours post- exposure to HIV-1. \*p\<0.001, n = 3--9. Viability of primary female genital epithelial cells and T84 intestinal epithelial cells was assessed by MTT assay 24 hours after exposure with two HIV strains IIIB (X4-tropic) and ADA (R5-tropic) and compared with mock-infected epithelial monolayers (C). The effect of apical and basolateral exposure was determined. (D). Differentiated T84 epithelial monolayers were mock infected or exposed apically or basolaterally to HIV (ADA strain, 10^6^ infectious viral particles/ml). TER was measured at 0, 24 and 48 hours post exposure. \*P\<0.001, \*\*P\<0.0001, n = 3.](ppat.1000852.g001){#ppat-1000852-g001}

To exclude the possibility that changes in the barrier function resulted from any cytotoxic effect of HIV-1 exposure that would result in breach of the integrity of the monolayers, we tested the viability of both intestinal and endometrial epithelial cultures following HIV-1 exposure by an MTT assay. The results indicated that exposure to HIV-1 for 24h did not have any affect on cell viability relative to controls ([Figure 1C](#ppat-1000852-g001){ref-type="fig"}). Thus reduction in TERs following HIV-1 exposure in both intestinal and genital epithelial cultures was not due to compromised viability of epithelial cells.

We also determined if exposure to HIV on the basolateral side of the epithelial cell monolayer decreased TERs of epithelial monolayers. T84 intestinal EC monolayers were exposed to HIV on both apical and basolateral surface and TERs were compared 24 hours later. Basolateral exposure to HIV led to no significant decrease in TER ([Figure 1D](#ppat-1000852-g001){ref-type="fig"}). This lack of response to basolateral stimulation appeared to be specific for HIV-1, since exposure to TNF-α decreased TERs of confluent epithelial monolayers, regardless of whether the stimulation was delivered on apical or basolateral surface of cells ([Figure 1D](#ppat-1000852-g001){ref-type="fig"}).

HIV-1 exposure down-regulates tight junction mRNA and protein levels in epithelial monolayers {#s2b}
---------------------------------------------------------------------------------------------

We next examined the effect of HIV-1 exposure on gene and protein expression of tight junctions in genital and intestinal epithelial monolayers. Confluent monolayers of primary endometrial epithelial cells were mock-treated or exposed to HIV-1 for 8h and total mRNA was extracted and subjected to quantitative real time RT-PCR using primers specific to different tight junction genes including Claudin 1, 2, 3, 4, 5, Occludin and ZO-1 ([Table 1](#ppat-1000852-t001){ref-type="table"}). The expression of all seven junction genes that were examined was down-regulated 2--17 fold in HIV-1 exposed monolayers when compared to mock-treated controls ([Figure 2A](#ppat-1000852-g002){ref-type="fig"}). Claudin-1, Claudin-2, Claudin-3, Claudin-4, Claudin-5, Occludin and ZO-1 all showed significantly lower expression (P\<0.0001--0.01). Similar decrease in mRNA expression was seen with intestinal epithelial monolayers exposed to HIV-1 (data not shown).

![Confluent monolayers grown from primary endometrial epithelial cells were either mock-treated or exposed to HIV-1 (ADA strain, 10^6^ infectious viral units/ml, p24 280ng/ml) for 8 hours.\
Total RNA was extracted and cDNA was synthesized. Quantitative Real-time RT-PCR was conducted for tight junction gene expression by measuring mRNA for Claudin 1--5, Occludin and ZO-1. GAPDH, a house keeping gene, was measured for internal control (A). \* p\<0.01; \*\* p\<0.001; \*\*\* p\<0.0001). Immunofluorescent staining of tight junction proteins following HIV-1 exposure compared to mock-treated epithelial monolayers. Representative staining is shown for claudin-2 (B), Occludin (C), and ZO-1 (D) at 24 hours post-exposure. Magnification: 1260×. Data shown is representative of 3 separate experiments, each experiment had 3--5 replicate cultures for each experimental condition. For RNA extraction, 6--8 replicate cultures were pooled.](ppat.1000852.g002){#ppat-1000852-g002}
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###### Primers used for Real Time PCR for different tight junction genes.

![](ppat.1000852.t001){#ppat-1000852-t001-1}

  Tight junction genes    Primer names   Primer sequence 5′ - 3′                                                                                                      References
  ---------------------- -------------- ------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ZO-1                       ZO-1F       TGTGAGTCCTTCAGCTGTGGAA    Pu H, Tian J, Andras AS, Hayashi IK, et al, (2005) HIV-1 Tat protein-induced alterations of ZO-1 expression are mediated by redox-regulated ERK 1/2 activation. J Cerebral Blood Flow & Metabolism 25:1325--1335
                             ZO-1R         GGAACTCAACACACCATTG    
  Occludin                  Occlu F       CATTGCCATCTTTGCCTGTG                   Bai L, Zhang Z, Zhang H, et al. (2008) HIV-1 Tat protein alter the tight junction integrity and function of retinal pigment epithelium: an in vitro study. BMC Infec. Dis..8:77--89
                            Occlu R       AGCCATAACCATAGCCATAGC   
  Claudin 1                Claudin 1F       CAGGCTACGACCCGAAC                                                                                        Bai L, et al (2008) BMC Infec. Dis..8:77--89
                           Claudin 1R        CAGGCTACGCAAGGA      
  Claudin 2                Claudin 2F     CCCAAACCCACTAATCACATC                                                                                      Bai L. et al (2008) BMC Infec. Dis..8:77--89
                           Claudin 2R      GCCACTGCTTCTCCTTCC     
  Claudin 3                Claudin 3F     CAGGCTACGACCGCAAGGAC                                                                                       Bai L. et al (2008) BMC Infec. Dis..8:77--89
                           Claudin 3R     GGTGGTGGTGGTGGTGTTGG    
  Claudin 4                Claudin 4F      GGCGTGGTGTTCCTGTTG                                                                                        Bai L. et al (2008) BMC Infec. Dis..8:77--89
                           Claudin 4R     AGCGGATTGTAGAAGTCTTGG   
  Claudin 5                Claudin 5F     TACCGCAGGAAGAGGAGCAG                                                                                       Bai L. et al (2008) BMC Infec. Dis..8:77--89
                           Claudin 5R      GCCCGAAGCAGCCAATCC     
  GAPDH                     GAPDH F        TCTCTGCTCCTCCTGTTC                                                                                        Bai L. et al (2008) BMC Infec. Dis..8:77--89
                            GAPDH R        CTCCGACCTTCACCTTCC     

To correlate the decreased mRNA levels with tight junction protein expression, intestinal and endometrial monolayers were stained for different tight junction proteins 24h after HIV-1 exposure and compared with mock-treated monolayers by confocal microscopy. The protein expression correlated well with real-time quantitative RT-PCR results, showing distinct decrease in localization of Claudin 2 and Occludin and ZO-1 ([Figure 2B--D](#ppat-1000852-g002){ref-type="fig"}). The disruption of ZO-1 localization in HIV-1 exposed monolayers was particularly severe and clearly visible. These results indicated overall disruption of tight junctions.

HIV-1 mediated decrease in TERs correlates with increased leakage of Blue Dextran {#s2c}
---------------------------------------------------------------------------------

Next, we conducted a time course study to determine if HIV-1 mediated decrease in TER correlated with alterations in permeability of the monolayers. Polarized, confluent monolayers of primary endometrial and T84 intestinal epithelial monolayers were exposed to HIV-1 for different lengths of time. The TERs were measured prior to treatment and at 2h, 4h, 6h, 8h, 16h, 24h and 48h post-exposure. A reduction in TER was first evident after 2h of HIV-1 exposure of genital epithelial cells ([Figure 3A](#ppat-1000852-g003){ref-type="fig"}) (p\<0.001). TERs continued to decrease with longer exposure times, reaching a low of ∼40% of pre-treatment value at 24--48hours. The TERs of control mock-treated group remained relatively unchanged or showed slight increase through the duration of the experiment ([Figure 4A](#ppat-1000852-g004){ref-type="fig"}).

![Primary genital epithelial monolayers were exposed to HIV-ADA (R5 strain, 10^6^ infectious viral units/ml, p24 280ng/ml ) for 2h, 4h, 6h, 8h, 16h, 24h and 48h.\
To measure barrier functions, TER was measured prior to and post exposure, ZO-1 staining was done and Dextran Blue dye leakage was measured across the monolayers at all time points. (A) TER values. p\<0.001. (B) Paracellular permeability measured by addition of Blue Dextran dye on the apical side of monolayers. At different time intervals post-exposure, basolateral supernatants were sampled and absorbance was measured and compared to apical absorbance at initial time point (Time "0"). Blue Dextran leakage was calculated as a percentage of apical values. Data shown is representative of 3--4 separate experiments, each experiment had 3--5 replicate cultures for each experimental condition.](ppat.1000852.g003){#ppat-1000852-g003}

![Genital EC monolayers were fixed after 4 or 24 hours post-HIV-1 exposure and stained for ZO-1 (green) and nucleus (red).\
A--C. Series of stack planes (XY) taken through the apical extent of the monolayer. D--F. Quantification of ZO-1 (dark line) and nuclear (grey bars) staining shown as graphs. Each cell layer (1--20) corresponds to series of images from Z-stack sections taken at 1µm thickness through the cell monolayer shown on the right. X-axis illustrates cell layers from apical to basolateral. Y-axis illustrates the number of pixels present over the entire area of image. A, D. Control mock infected monolayer, 24 hours post-treatment. B,E. HIV-1 exposed monolayer, 4 hours post-treatment. C,F. HIV-1 exposed monolayer, 24 hours post-treatment. Results shown are representative of 3 separate Z-stacks collected and analyzed from each replicate, each treatment group had 3--5 replicates and the experiment was repeated 3 times. (Magnification :1260×).](ppat.1000852.g004){#ppat-1000852-g004}

The decrease in TER was correlated with leakage of Blue Dextran dye into basolateral compartment. Blue Dextran dye (mol. wt. 2000 kDa), added to the apical side of intact epithelial monolayers, normally cannot pass through the tight junctions between epithelial cells that prevent its paracellular transport [@ppat.1000852-Velarde1]. A disruption of tight junctions allows leakage of this dye to the basolateral compartment which can be detected by densitometric measurement. To determine if HIV-1 exposure led to increased permeability, Blue Dextran dye was added to mock-treated control as well as HIV-1 (ADA) exposed monolayers on apical side and its leakage was detected in basolateral compartment after different time intervals. Blue Dextran leakage became evident 2h post-exposure (p\<0.01) and gradually increased with increased exposure time ([Figure 3B](#ppat-1000852-g003){ref-type="fig"}). The kinetics of Blue Dextran accumulation in the basolateral compartment closely paralleled the decrease in the TERs post-exposure.

Disruption of tight junctions is due to de-localization of ZO-1 at earlier time points followed by decrease in ZO-1 protein {#s2d}
---------------------------------------------------------------------------------------------------------------------------

Among the tight junction proteins, the normal pattern of ZO-1 localization was very prominent in both primary genital ECs and intestinal T84 cells. Equally striking and apparent was its disruption following HIV-1 exposure. Therefore, ZO-1 was localized and quantified in confluent EC monolayers post-HIV-1 treatment and compared with control cultures to determine the disruption of tight junctions. The results are shown for an earlier time point (4 hour) and a later time point (24 hour) in control and HIV-1 exposed monolayers ([Figure 4](#ppat-1000852-g004){ref-type="fig"}). Confocal scanning was performed and images were captured as Z-stacks to ensure that the entire depth of the cell monolayer was encompassed. Control monolayers were characterized by well-defined, lacey and interconnected ZO-1 staining pattern located at the perimeter of each cell ([Figure 4 A and D](#ppat-1000852-g004){ref-type="fig"}) that remained unchanged over time. Punctate distribution of intracellular ZO-1 was also commonly noted in confluent ECs. Quantitative analysis of the ZO-1 (green) and nuclear (red) fluorescence in the Z-stacks indicated that ZO-1 staining was localized in the apical cell layers (5--10µm) of the EC, with the peak signal observed in cell layers 7--8µm, while the peak of nuclear staining was more towards the center of the cells (cell layers 10--12µm). Four hours following HIV-1 exposure there was a marked decrease in ZO-1 signal ([Figure 4E](#ppat-1000852-g004){ref-type="fig"}). Even more remarkable was the clear disruption in the ZO-1 localization, seen as discontinuous distribution pattern around the perimeter of cells. The inter-nodal connections between cells, indicating intact tight junctions, were also notably decreased (17 in HIV-1-treated versus 203 in control monolayer). Interestingly, the signal for ZO-1 staining was present not just in the apical layers but in basal cell layers as well, indicating a displacement of ZO-1 protein from the tight junctions. The reduction in ZO-1 signal was progressive and analysis of 24 hours post-treatment cultures indicated virtual absence of ZO-1 signal ([Figure 4 C and F](#ppat-1000852-g004){ref-type="fig"}), consistent with decreased transcription of the mRNA seen at 8 hours post-treatment ([Figure 2A](#ppat-1000852-g002){ref-type="fig"}).

The decrease in TER and reduction in tight junction staining is related to virus concentration {#s2e}
----------------------------------------------------------------------------------------------

Next we determined whether the impairment of barrier function of the epithelium was dependent on the exposure dose of HIV. Various concentrations of HIV-1 strain ADA (10^2^--10^7^ infectious viral units/ml corresponding with MOI of 1∶10^−4^ to 1∶10 and p24 values of 0.2ng--2800ng/ml) were added on apical side of confluent EC monolayers. The TER values were measured 24h post-exposure and expressed as percent pretreatment TER ([Figure 5A](#ppat-1000852-g005){ref-type="fig"}). Exposure to HIV-1 concentrations from 10^7^--10^3^ infectious viral units/ml showed significant reduction in TER compared with uninfected controls (P\<0.001, 10^7^--10^4^ infectious virus units/ml; P\<0.05, 10^3^ infectious virus units/ml). Exposure to the lowest concentration corresponding to MOI of 1∶10^−4^ (p24 value of 0.2ng/ml) did not cause any significant decrease in TER. To confirm that decreased TER corresponded with disruption in tight junctions, epithelial monolayers exposed to various concentrations of HIV-1 were stained for ZO-1. The ZO-1 disruption was clearly visible at higher exposure doses of HIV-1 ([Figure 5B](#ppat-1000852-g005){ref-type="fig"}).

![Primary endometrial EC monolayers were exposed to different concentrations of HIV-1 (ADA) for 24 hours.\
TER values were measured, starting at viral concentration of 10^3^ up to 10^7^ infectious viral units/ml (equivalent to p24 values of 0.2ng--2800 ng/ml) (A).\* p\<0.001 \*\*p\<0.05. ZO-1 staining following exposure to different concentration of virus (B). Data shown is representative of three separate experiments, each experiment had 3--5 replicate cultures for each experimental condition.](ppat.1000852.g005){#ppat-1000852-g005}

HIV-1 induced barrier permeability is independent of viral replication {#s2f}
----------------------------------------------------------------------

To determine if productive viral replication was required for increased permeability, polarized T84 cells were treated apically with infectious HIV or an equivalent amount of UV-inactivated virus ([Figure 6A](#ppat-1000852-g006){ref-type="fig"}). Monolayers treated with UV-inactivated HIV demonstrated decrease in TER nearly identical to those of the live, infectious virus (p\<0.001). The disruption of ZO-1 in epithelial cell monolayers treated with UV inactivated was similar to that seen with live HIV ([Figure 6B](#ppat-1000852-g006){ref-type="fig"}). This was also clearly visible in the z-axis reconstructions where mock-treated monolayers showed abundant ZO-1 staining on the apical lateral membranes which was virtually absent in EC monolayers exposed to live and UV inactivated HIV-1 ([Figure 6B](#ppat-1000852-g006){ref-type="fig"}, Z-section). These results indicated that the increased epithelial cell permeability could be due to initial attachment of the virus. This was further investigated by exposing epithelial cells to HIV surface glycoprotein.

![HIV-1 induced barrier permeability is independent of viral replication.\
Differentiated T84 cells were mock infected or exposed to live or UV inactivated HIV (IIIB strain, 10^6^ infectious viral particles/ml). (A) TER values following exposure to both live and UV-inactivated HIV compared to mock treated monolayer (P\<0.001). (B) ZO-1 staining in epithelial cells exposed to live and UV-inactivated HIV, but not mock infected cultures. The corresponding Z-stack series below each panel clearly shows majority of ZO-1 staining (green) in mock treated cultures on the apical side of the monolayer, while the nuclei are seen more basolaterally (red). Magnification:1260×. Primary endometrial EC monolayers (C) or intestinal T84 cells (D) were treated with either gp120 (0.1µg/ml, 0.8nM) or Tat (1.4ug/ml, 100nM) or a combination of both, for 24 hours. TER values were measured prior to and post-treatment. p\<0.001, n = 6. (E) ZO-1 staining after gp120 treatment and Tat treatment. Magnification: 2520×. Data shown is representative of two (A,B) and six (C,D) separate experiments, each experiment had 3--5 replicate cultures for each experimental condition.](ppat.1000852.g006){#ppat-1000852-g006}

Gp120 but not Tat treatment compromises epithelial barrier function {#s2g}
-------------------------------------------------------------------

Previous studies examining effect of HIV-1 on blood brain barrier demonstrated that HIV-1 gp120, a surface envelope glycoprotein and tat, an HIV regulatory protein that is produced by infected cells, could directly increase permeability of endothelial cells [@ppat.1000852-Annunziata1]--[@ppat.1000852-Pu1]. We therefore determined if either of these two viral proteins could exert similar effects on epithelial cell barrier function. Transepithelial resistances were significantly reduced following treatment with gp120 alone or in combination with tat (P\<0.001). Tat alone did not have any effect on barrier functions compared with untreated controls. The results were comparable in primary endometrial ([Figure 6C](#ppat-1000852-g006){ref-type="fig"}) and in T84 intestinal epithelial cells ([Figure 6D](#ppat-1000852-g006){ref-type="fig"}). Disruption of tight junctions by gp120 was confirmed by ZO-1 staining while tat-treated epithelial monolayers did not show any alterations in ZO-1 localization ([Figure 6E](#ppat-1000852-g006){ref-type="fig"}).

HIV-1 induced barrier permeability is dependent on virus envelope glycoprotein {#s2h}
------------------------------------------------------------------------------

To confirm that the barrier defect was mediated by HIV-1 viral envelope glycoprotein, we neutralized gp120 on HIV prior to exposure to epithelial cells ([Figure 7A](#ppat-1000852-g007){ref-type="fig"}). Epithelial monolayers were treated with HIV-1 or equivalent amount of virus that had been pre-incubated with gp120 neutralizing monoclonal antibody or isotype control. Gp120 neutralizing antibody significantly abrogated the increase in permeability (p\<0.01), while similar effect was not seen with isotype control, further confirming the role of gp120 in increased barrier permeability.

![(A) Epithelial monolayers were treated with medium alone, HIV-1 (IIIB, 10^6^ infectious viral particles/ml), HIV-1 in combination with gp120 neutralizing antibody (35µg/ml) or isotype control antibody (35µg/ml), gp120 or isotype antibody alone. TER measurements were taken as a measure of change in permeability and presented as percent of pre-treatment TER. p\<0.01. (B) Confluent T84 epithelial cell cultures were mock infected or exposed to NL4-3 (p24, 79 ng/ml) or NL4-3 Env^−^ mutant (p24, 79 ng/ml) and TER measurements were taken prior to and 24 hours post-exposure. P\<0.001 (C) ZO-1 localization after exposure to wildtype HIV-1 NL4-3 or Env^−^ NL4-3 mutant. Data shown is representative of four separate experiments, each experiment had 3--5 replicate cultures for each experimental condition.](ppat.1000852.g007){#ppat-1000852-g007}

The final confirmation that viral surface glycoprotein was critical for changes in epithelial cell permeability was obtained by treating epithelial cells with an Env-defective mutant of HIV (Env^−^) ([Figure 7B,C](#ppat-1000852-g007){ref-type="fig"}) [@ppat.1000852-Ott1]. This mutant is characterized by lack of Env polyprotein which results in absence of both gp120 and gp41, the complex that initiates attachment and binding of HIV-1 to host cell and subsequent entry. Epithelial cells exposure to Env^−^ HIV showed no changes in TERs compared to wild type HIV (p\>0.05), while the wild type HIV showed significant decrease in TERs (p\<0.01) ([Figure 7B](#ppat-1000852-g007){ref-type="fig"}). This was further confirmed by intact ZO-1 staining seen in epithelial monolayers exposed to Env^−^ HIV, similar to mock-treated cells ([Figure 7C](#ppat-1000852-g007){ref-type="fig"}). Combined with the results from gp120 neutralizing antibody described above, these results indicate that the HIV-1 surface glycoprotein is responsible for disruption of epithelial barrier leading to increased permeability.

HIV-1 exposure induces inflammatory cytokines in genital and intestinal epithelial monolayers {#s2i}
---------------------------------------------------------------------------------------------

Epithelial cells are known to secrete a variety of cytokines at constitutive levels. Many of these are upregulated or induced *de novo* in response to pathogens such as Neisseria gonorrhea [@ppat.1000852-Fichorova1]. Additionally, inflammatory cytokines have been shown to mediate enhanced permeability of intestinal epithelial cells [@ppat.1000852-AlSadi1]. We therefore examined the cytokine secretion profile of epithelial cells following HIV-1 exposure. Apical and basolateral supernatants of genital and intestinal monolayers were collected 24h post HIV-1 exposure and examined for presence of six cytokines known to be secreted by epithelial cells ([Figure 8A--F](#ppat-1000852-g008){ref-type="fig"}). The T84 intestinal cell line constitutively secreted low levels of IL-10 and IL-1β. In comparison, the primary endometrial epithelial monolayers showed constitutive production of a larger array of cytokines, some of them in high amounts (IL-6, IL-8, MCP-1). Following HIV-1 exposure, there was a significant increase in production of TNF-α, IL-6, IL-8 and MCP-1 in T84 intestinal epithelial monolayers ([Figures 8A--D](#ppat-1000852-g008){ref-type="fig"}). In primary endometrial ECs there was a significant increase in production of TNF-α, IL-6, MCP-1, IL-10, and IL-1β secretion after 24 hours of HIV-1 exposure ([Figures 8A, B, E, F](#ppat-1000852-g008){ref-type="fig"}).

![Primary endometrial EC and T84 intestinal monolayers were exposed to HIV-1 (ADA, 10^6^ infectious viral units/ml, p24 280ng/ml) and apical and basolateral supernatants were collected 24 hours post-exposure and assayed by Luminex multi-analyte kit for the following cytokines: (A) TNF-α (B) IL-6, (C) IL-8, (D) MCP-1, (E) IL-10, (F) IL-1β.\
\*p\<0.01, \*\*p\<0.001. Data shown is representative of three separate experiments from different tissues, each experiment had 3--5 replicate cultures for each experimental condition.](ppat.1000852.g008){#ppat-1000852-g008}

HIV-1 mediated TER decrease is reversed by treatment with anti-TNF antibody {#s2j}
---------------------------------------------------------------------------

Of the cytokines that showed increased production in genital and intestinal epithelial cells following HIV-1 exposure, TNF-α is well known to disrupt epithelial cell tight junction assembly and increase intestinal cell permeability [@ppat.1000852-Ye1]. Since TNF-α was significantly up-regulated following HIV-1 exposure in both genital and intestinal ECs, we neutralized TNF-α to see whether this would affect barrier function alterations. Confluent T84 intestinal epithelial monolayers were treated with TNF-α (20 ng/ml), TNF-α+anti-TNF antibody (mouse anti-human TNF-α , 25 µg/ml), TNF-α+mouse serum (control), HIV-1 alone, HIV-1+anti-TNF antibody (mouse anti-human TNF-α antibody, 25 µg/ml) and HIV-1+mouse serum (control). The TER measurements were taken prior to and 24 hours following the treatments. As expected both TNF-α and HIV-1 caused a significant drop in TER values compared to untreated control monolayers ([Figure 9](#ppat-1000852-g009){ref-type="fig"}). When epithelial monolayers were pre-treated with anti-TNF-α antibody prior to treatment with TNF-α and HIV-1, the TER values did not decrease significantly over 24 hours of exposure. Incubation of monolayers with normal mouse serum did not show the same effect as the anti-TNF-α antibody. These results provide direct evidence that TNF-α secreted by epithelial cells in response to HIV-1 exposure contributed significantly to the disruption of barrier function in epithelial cells.

![Primary endometrial epithelial monolayers were exposed to TNF-α or HIV-1 alone; TNF-α or HIV-1 (ADA,10^6^ infectious viral units/ml, p24 280ng/ml) in combination with anti-TNF-α neutralizing antibody; TNF-α or HIV-1 in combination with normal mouse serum for 24 hours.\
TER measurements were taken as a measure of change in permeability and presented as percentage of pre-treatment TER. Data shown is representative of two separate experiments, each experiment had 3--5 replicate cultures for each experimental condition.](ppat.1000852.g009){#ppat-1000852-g009}

Increased permeability correlates with translocation of virus and bacteria across the epithelial monolayers {#s2k}
-----------------------------------------------------------------------------------------------------------

To correlate barrier dysfunction with increased permeability to luminal antigens, we examined bacterial and viral translocation across the epithelial monolayers post-exposure to HIV-1. Intestinal epithelial monolayers grown to confluence were exposed to HIV-1. TNF-α was used as a positive control since it is known to disrupt tight junctions and increase permeability. Because direct exposure to TNF-α for prolonged period of time causes irreversible damage to epithelial cells, TNF-α treatment was limited to 6 hours prior to addition of non-pathogenic *E. Coli* to allow observation of bacterial translocation. Exposure time for HIV-1 was chosen at 6 hours (for comparison with TNF-α) and 24 hours (based on our results of maximum permeability with continued viability). Six hours after addition of *E. Coli* to the apical compartment, basolateral supernatants were collected and plated on LB agar and bacterial colonies were quantified. Transepithelial resistance measured prior to and 24 hours following treatments to determine if addition of *E. Coli* had any effect on TERs ([Figure 10A](#ppat-1000852-g010){ref-type="fig"}). In HIV-1 exposed monolayers TER decreased significantly within 6h of exposure as expected; further reduction was seen at 24 hours. In comparison, HIV-1 unexposed monolayers only and those that were untreated except with *E. Coli*, TER values were maintained at 106% and 89% percent respectively, of pre-treatment TER values. Bacterial translocation was seen only in monolayers following 24hours of HIV-1 exposure and 6 hours of TNF-α treatment ([Figure 10B](#ppat-1000852-g010){ref-type="fig"}). Bacterial translocation seen following 24 hours of HIV-1 treatment was about 50% of that seen following 6 hours of TNF treatment. No significant bacterial translocation was seen after 6h of HIV-1 exposure.

![Bacterial and viral translocation across mucosal epithelial monolayers following HIV-1 exposure.\
(A) Bacterial translocation was measured in T84 intestinal monolayers. Confluent monolayers were left untreated or treated for 6 hours with TNF-α (20ng/ml), *E. coli* (10^8^ CFU/ml) , TNF-α (20ng/ml) +*E. coli* (10^8^ CFU/ml), HIV-1 or HIV-1 (6 or 24 hours)+*E. coli* (10^8^ CFU/ml). (A) TER measurements following various treatments in the presence or absence of E. Coli. \* p\<0.001. (B) Basolateral supernatants were collected and bacterial counts were done. (C) Viral translocation was determined in endometrial EC monolayers exposed to HIV-1 (ADA, 10^6^ infectious viral units/ml, p24 280ng/ml) on the apical side. Basolateral supernatants were collected after different time intervals infectious and viral counts were done on TZM/b-l indicator cell line. Viral counts are depicted as percentage of inoculum added to the apical compartment of monolayers. Data shown is representative of two separate experiments, each experiment had 3--5 replicate cultures for each experimental condition.](ppat.1000852.g010){#ppat-1000852-g010}

In a separate experiment, lipopolysaccaride (LPS) leakage in HIV-1 exposed endometrial monolayers was determined. LPS was added on apical side of HIV-1 exposed and control monolayers and one hour later basolateral supernatants were collected and LPS leakage was measured. The LPS levels in basolateral supernatants were increased by 47.3±0.922% in HIV-1 exposed monolayers in comparison with LPS leakage in mock-treated control monolayers.

We also measured translocation of HIV-1 through the primary endometrial monolayers ([Figure 10C](#ppat-1000852-g010){ref-type="fig"}). At various time points following HIV-1 exposure on the apical side, basolateral supernatant was collected and HIV-1 infectious viral counts were determined TZMb-1 indicator cell assay. The results are presented as percent of inoculum virus added on apical side. Infectious viral counts were seen starting at 6 hours following exposure to HIV-1 (0.03% of inoculum) and infectious virus continued to accumulate in the basolateral compartment (0.08% of inoculum) up to 48 hours time, which was the last time point examined.

Discussion {#s3}
==========

To summarize, we were able to demonstrate that exposure to HIV-1 directly decreased the transepithelial resistance across intestinal and genital epithelial monolayers. The reduction in TER correlated with significant decrease in tight junction protein expression and increased permeability, indicating functional impairment of the barrier. The effect was specific for HIV-1 and reached significant levels within 2--4 hours following HIV-1 exposure. Similar reduction in tight junction functioning was observed following treatment of ECs with HIV-1 envelope protein gp120 but not tat, a regulatory protein. Neutralization of gp120 and exposure to an Env^−^ HIV significantly abrogated the impairment of epithelial barrier, indicating that the effect was mediated by HIV-1 envelope glycoprotein. We further determined that exposure of the epithelial monolayers to HIV-1 led to enhanced production of a number of inflammatory cytokines, including TNF-α, by both intestinal and genital epithelial cells. When epithelial cells were exposed to HIV-1 in presence of anti-TNF antibody, there was no significant decrease in TER, indicating that TNF played a major role in impairing the barrier functions. In experiments designed to determine whether the disruption of epithelial barrier function could be directly associated with microbial leakage across the mucosa, we found evidence for small but significant bacterial and viral translocation across epithelial monolayers following HIV-1 exposure.

To the best of our knowledge, this is the first study to demonstrate that HIV-1 can directly disrupt mucosal epithelial barrier functions that can lead to enhanced microbial translocation. Previous clinical studies have documented that in HIV-1 infected patients intestinal permeability is altered, characterized by diarrhea-induction [@ppat.1000852-Lim1]--[@ppat.1000852-Sharpstone1] . A recent study showed impairment of barrier function in intestinal biopsies of HAART-naïve patients compared to those on HAART treatment [@ppat.1000852-Epple1]. Increased production of cytokines IL-2, IL-4, IL-5 and TNF-α was found in supernatants of cultured intestinal biopsies in this study. Their conclusion was that following infection, HIV replication in target cells leads to local increase of inflammatory cytokines in the intestinal mucosa, which induce barrier impairment. This supports previous studies where PBMCs co-cultured with HIV-infected macrophages resulted in increased production of a number of cytokines, including TNF-α, IL-1β, IFN-α and IFN-γ which were shown to compromise epithelial barrier function [@ppat.1000852-Schmitz1]. The prevailing opinion from these studies is that the effect on epithelial barrier is likely mediated via immune cell activation due to viral replication [@ppat.1000852-Epple1],[@ppat.1000852-Brenchley4]. Of note are other studies that were unable to show that mononuclear cells isolated from colon of infected patients produce increased amount of cytokines [@ppat.1000852-Steffen1],[@ppat.1000852-Snijders1]. Thus far the cellular source of inflammatory cytokines that could lead to barrier disruption in HIV infected patients remains controversial [@ppat.1000852-Brenchley2]. Based on our results, we would like to propose that the primary sources of the inflammatory cytokines that disrupt the mucosal barrier are the epithelial cells themselves. Our studies demonstrate that epithelial cells respond directly and rapidly to HIV envelope glycoprotein by production of increased levels of cytokines which lead to loss of barrier functions, rather than an indirect effect mediated by immune cells following HIV replication. This provides an alternate and more direct explanation as to why decrease in viral load following HAART treatment restores intestinal barrier functions [@ppat.1000852-Epple1]. Our results that demonstrate that barrier dysfunction can allow bacterial translocation could also provide explanation for increased levels of immune activation during acute infection, an observation noted in a previous study which examined immune activation following HIV infection in North American cohorts [@ppat.1000852-Brenchley4]. The mechanism demonstrated in the present study does not exclude the possibility that cytokines released from immune cells in the HIV-infected intestines could also contribute to further disruption of the barrier, more likely in the chronic phase of the infection.

That viral exposure could directly lead to compromised barrier function has been shown before [@ppat.1000852-Moser1],[@ppat.1000852-Ju1],[@ppat.1000852-Nava1]. Many other viruses and even bacteria have been shown to directly compromise both epithelial and endothelial barrier integrity. Astrovirus, a single stranded RNA virus and a causative organism of common diarrhea was recently shown to increase epithelial barrier permeability in Caco-2 intestinal cells, modulated by its capsid protein, independent of viral replication [@ppat.1000852-Moser1]. Coxsackievirus has also been shown to directly compromise endothelial tight junctions [@ppat.1000852-Ju1]. Previous studies have shown that HIV-1 infection can compromise the blood-brain barrier thereby leading to progression of HIV-1 encephalitis (reviewed in [@ppat.1000852-Brabers1]). The functioning of the tight junctions between endothelial cells, that form the blood-brain barrier, is quite similar to those present between mucosal epithelial cells. However, the mechanism elucidated by these studies was not a direct effect of HIV, but facilitated by production of TNF-α during chronic infection that mediated opening of paracellular route in endothelial lining, for viral entry into the brain. Interestingly, a recent study elucidated that HIV-1 tat protein can directly compromise the retinal epithelial barrier function [@ppat.1000852-Bai1]. Despite this evidence, no studies have so far examined the direct effect of HIV-1 exposure on mucosal epithelium. Our results show that increased permeability is mediated directly by HIV viral envelope glycoprotein. Further, given that significant disruption of tight junction proteins and decreased TERs occurred following treatment with UV inactivated virus, this phenomenon is independent of viral replication. Whether HIV-1 entry is required for the epithelial cell response is currently being examined.

In our study, both the intestinal cell line and primary genital epithelial cells showed similar response to different strains of HIV-1: disruption of tight junctions, and increased permeability. However, we found the profile of cytokines produced constitutively by intestinal and genital epithelial cells was quite distinct. While the intestinal cell line T84 did not constitutively produce TNF-α, IL-6, IL-8 and MCP-1, there was significant induction of these cytokines following HIV-1 exposure. Primary genital epithelial cultures, on the other hand, constitutively produced TNF-α, IL-6, IL-8 and MCP-1 and production of TNF-α and IL-6 was significantly upregulated following HIV-1 exposure. Both types of ECs secreted minimal levels of IL-10 and IL-1β which was upregulated following HIV-1 exposure only in primary genital epithelial cells. The differences in the constitutive cytokine profile between genital and intestinal epithelial cells could be due to distinct characteristics of primary cells compared to cell lines. Alternatively, intestinal epithelial cells are likely to be more quiescent in terms of baseline cytokine production given their microenvironment where a variety of commensal organisms are always present in the lumen [@ppat.1000852-Kagnoff1]. In comparison, upper genital tract epithelium exist in a relatively sterile environment and are known to actively secrete an array of cytokines [@ppat.1000852-Wira1]. Nevertheless, following exposure to HIV-1 both types of ECs responded with enhanced induction of inflammatory cytokines that mediated disruption of tight junctions. This indicates that as long as the viral load and exposure times are sufficient, HIV can likely disrupt any mucosal barrier in the body, independent of infection and replication.

Among the cytokines that were upregulated, the direct effect of TNF-α on disruption of intestinal epithelial tight junction and increased permeability has been extensively characterized [@ppat.1000852-Ye1]. TNF-induced increase in permeability of Caco-2 cells is known to be mediated by NF-kB activation that downregulates ZO-1 protein expression [@ppat.1000852-Ma1]. ZO-1 proteins are integral part of the tight junction assembly and function as a scaffolding protein critical in maintaining the integrity of the tight junctions. The results from ZO-1 quantification ([Figure 4](#ppat-1000852-g004){ref-type="fig"}) indicate that the disruption of tight junctions following HIV-1 exposure likely happens in two stages: initially there may be a displacement of ZO-1 that leads to disruption of tight junction integrity followed by marked reduction in the amount of ZO-1 and other tight junction proteins due to decreased transcription. Thus, TNF-α produced by the ECs in response to HIV-1 envelope glycoprotein could induce NF-kB activation and subsequent downregulation of tight junction proteins, including ZO-1. Our ongoing studies show that NF-kB translocation occurs within 1 hour of HIV-1 exposure (Nazli and Kaushic, unpublished). Whether there are distinct steps in this process that have discrete mechanisms is currently under investigation. Regardless of the detailed mechanism, the outcome of tight junction disruption is decrease in TER and leakage across the epithelial barrier.

The finding that disruption of barrier function can result in small but significant amount of both viral and bacterial translocation across ECs following exposure to HIV-1 has profound implications. Although previous studies have demonstrated presence of LPS in serum of HIV infected patients and correlated it with immune activation in North American cohorts, the inference that microbial flora in the intestines was the source of LPS was indirect [@ppat.1000852-Brenchley4]. Our studies provide direct evidence that both bacteria and virus present on the apical side of mucosal epithelial cells during HIV-1 exposure could leak through because of the impairment of epithelial tight junctions and increased permeability. This could allow HIV-1 access to target cells located in the lamina propria of the mucosa as well allow bacterial translocation that could cause local immune activation.

While the viral-epithelial interactions described here are novel, further investigation is needed to determine what role increased barrier permeability plays in initiating HIV-1 infection. HIV-1 transmission across intestinal and genital mucosa occurs predominantly via infected semen; currently the role of seminal plasma in HIV-1 transmission is far from clear. Recent studies indicate that seminal plasma can lead to inflammatory responses and facilitate HIV-1 transmission [@ppat.1000852-Sharkey1]--[@ppat.1000852-Munch1]. However, seminal plasma components such as TGF-β and HGF also enhance epithelial barrier functions [@ppat.1000852-Planchon1]. Further, given the low efficiency of viral translocation seen in the ex-vivo model described here, the ability of HIV-1 to cross over in significant numbers, in vivo, would be depend presence of high viral load in the semen, most likely in acute phase of infection. While plasma and semen loads show overall correlation, compartmentalization between genital and blood viral loads is well recognized and more recent studies show that seminal plasma viral load can persist following treatment with HAART [@ppat.1000852-Pilcher1]--[@ppat.1000852-Sheth1]. While the results from the present study elucidate a new mechanism that could lead to viral translocation across the epithelial barrier, more information is needed to understand how other factors like seminal plasma, stage of the infection and viral load may influence any viral leakage across the mucosal barrier. If under physiological conditions, viral leakage does occur because of barrier disruption, it could play a critical role in initiation of infection, especially in the presence of existing inflammation from other viral or bacterial co-infections [@ppat.1000852-Kaul1].

In conclusion, the current study provides evidence for the first time that HIV-1 exposure at the mucosal surface leads to direct response by the mucosal epithelium, seen by production of inflammatory cytokines. This response is rapid, independent of viral infection and likely plays a key role in initiation of mucosal damage. This information will be critical for strategies to target control of mucosal damage.

Methods {#s4}
=======

Primary genital epithelial and intestinal cell line cultures {#s4a}
------------------------------------------------------------

Reproductive tract tissues were obtained from women aged 30--59 years (mean age 42.9+7.2) undergoing hysterectomy for benign gynecological reasons at Hamilton Health Sciences Hospital. Written informed consent was obtained from all patients, with the approval of Hamilton Health Sciences Research Ethics Board. The most common reasons for surgery were uterine fibroids and heavy bleeding. Tissues were first examined by pathologists and if they were deemed free from any malignant or other clinically observed disease, coin-sized pieces were collected for further processing.

Detailed protocol for isolation and culture of genital epithelial cells (GEC) has been described previously [@ppat.1000852-MacDonald1]. Briefly, endometrial and cervical tissues were obtained from women undergoing hysterectomy and minced into small pieces and digested in an enzyme mixture for 1 hour at 37°C. Epithelial cells (EC) were isolated by a series of separations through nylon mesh filters of different pore sizes. EC were grown onto Matrigel™ (Becton, Dickinson and Company) coated, 0.4-µm pore-size polycarbonate membrane tissue culture inserts (BD Falcon, Mississauga, Canada) with primary tissue culture medium (DMEM/F12; Invitrogen, Canada) supplemented with 10 µM HEPES (Invitrogen, Canada), 2 µM l-glutamine (Invitrogen, Canada), 100 units/ml penicillin/streptomycin (Sigma--Aldrich, Oakville, Canada), 2.5% Nu Serum culture supplement (Becton, Dickinson and company, Franklin Lakes, USA), and 2.5% Hyclone defined fetal bovine serum (Hyclone, Logan, USA). Polarized monolayers were formed within 5--7 days. The purity of GEC monolayers was between 95% and 98%. There was no trace of any hematopoietic cells in the confluent monolayers. The methodology used for monitoring the purity of the epithelial monolayers and absence of CD45 staining in confluent cultures has been described in detail before [@ppat.1000852-MacDonald1].

The human colon-derived crypt-like T84 epithelial cell line was maintained and cultured as described previously [@ppat.1000852-McKay1]. Briefly T84 intestinal cells were grown and maintained in a 1∶1 (vol/vol) mixture of Dulbecco\'s modified Eagle\'s medium and Ham\'s F-12 medium, supplemented with 10% fetal bovine serum, 1.5% HEPES, and 2% penicillin-streptomycin (Life Technologies, Grand Island, NY) at 37°C in 5% CO~2~. T84 cells were seeded onto filter supports (0.5×10^6^ cells/well, 0.4-µm pore-size polycarbonate membrane tissue culture inserts, BD Falcon, Mississauga, Canada) and grown for approximately 5--6 days till they reached confluency. The confluency of EC cultures and T84 monolayers was monitored microscopically and by trans-epithelial resistance (TER) across monolayers grown on cell culture inserts, using a volt ohm meter (EVOM; World Precision Instruments, Sarasota, FL, USA). Epithelial monolayers showing TER values higher than 1000 Ω/cm^2^ were considered completely confluent and used for further experiments.

Virus strains, propagation and infection {#s4b}
----------------------------------------

HIV-1 R5 and X4 -tropic laboratory strains were prepared by one of two methods. R5-tropic ADA and X4-tropic laboratory strain IIIB viral stocks were prepared by infection of adherent monocytes from human PBMCs (ADA) or from chronically infected H9 cell line (IIIB), followed by virus concentration by Amicon Ultra-15 filtration system (Millipore, Billerica, US). Virus stock preparations were checked for possible contamination by cellular factors by multiplex bead-based sandwich immunoassay (Luminex Corporation, Austin, TX, USA). TNF-α, IL-6, IL-8, MCP-1, MIP-1α, MIP-1β, RANTES, IL-1α, IL-1β were not detected in any viral stock (standard range of detection limit for different factors: 0.1--4.5 pg/ml). Laboratory strains of HIV-1 virus were also prepared by ultracentrifugation method. HIV-1 R5 laboratory strains ADA, Bal, and X4 strains IIIB, MN and NL4-3 and four clinical strains 11242 (dual), 11249 (R5), 4648 (R5), 7681 (X4) (Dr. Donald R. Branch, University of Toronto) were prepared in human PBMC preparations and concentrated by ultracentrifugation over 20% sucrose for 1 hour at 19,000 rpm (33,000g). All HIV-1 stocks were titered for infectious viral count/ml by TZMb-1 indicator cell assay as described previously [@ppat.1000852-Kimpton1]. TZMb-1 assay is based on infection of Hela cell line that has been stably transfected with CD4, CXCR4 and CCR5 receptors for HIV-1 attachment. The cell line also carries two indicator systems (β-galactosidase and luciferase systems) under the influence of HIV-1 promoter. HIV-1 infection is detected by staining the cells for β-galactosidase activity resulting in cells turning blue, indicative of HIV-1 replication or alternately by detection of luciferase activity. Infectious viral units/ml  =  infectious viral counts indicated by number of blue cells per well X dilution factor/ml.

For HIV-1 exposure, primary epithelial cells, isolated from human female genital tract tissues or intestinal T84 cells were grown to confluence. Epithelial cell cultures were exposed apically or basolaterally to HIV-1 virus (10^5^ infectious viral units/well/100µl, final concentration 10^6^ infectious viral units/ml), corresponding to MOI of 1.0 or other viral doses as mentioned in individual experiments. The p24 values corresponding to this standard concentration of virus (10^6^ infectious viral units/ml) varied, depending on the viral strain, as determined by p24 ELISA (Zeptometrix Corp., Buffalo, NY, USA); it corresponded to p24 concentration between 0.7--1110 ng/ml for X4 tropic lab strains and between 0.3--790 ng/ml for R5 tropic viruses. For clinical strains p24 concentrations used for HIV exposures were between 49--773 ng/ml. Mock infection controls included exposure to same volume of media without HIV-1 (media control, mock) or exposure to same volume of virus (and gp120) free supernatant from PBMC (for R5 HIV-1) or H-9 (X4 HIV-1) cell line cultures (R5 and X4 controls).

Env-defective mutant, Env^−^ (kind gift of D. Johnson, NCI) was on an NL4-3 backbone (X4-tropic HIV-1 laboratory strain) and was compared to wildtype NL4-3 for its effect on epithelial cell permeability [@ppat.1000852-Ott1]. T84 intestinal epithelial monolayers were exposed to wildtype (10^6^ infectious units/ml, p24 79ng/ml) or Env^−^ NL4-3 (p24, 79ng/ml) and TER were measured prior to and 24 hours post-exposure. Monolayers were fixed for ZO-1 staining.

UV inactivation of HIV {#s4c}
----------------------

HIV-1 R5-tropic strain ADA and X4-tropic strain IIIB were inactivated by UV exposure. 10^6^ infectious units/ml of virus was subjected to 25--100mJ/cm^2^ UV with a UV cross-linker (Fisher Scientific, USA). UV inactivation of virus was confirmed by titration on TZMb-1 cells.

Gp120 and Tat treatments {#s4d}
------------------------

HIV-1 proteins gp120 envelope protein and soluble Tat protein were obtained from NIH AIDS Research & Reference Reagent Program. Epithelial cell cultures were treated with HIV-1 viral proteins gp120 (0.8nM, 0.1 µg/ml) or Tat (100 nM, 1.4ug/ml). A range of Gp120 concentration (50ng--1µg/ml) was tried based on those used in previous studies [@ppat.1000852-Kanmogne1]. Concentration of tat was consistent with that used in other studies for cultured brain endothelial cells and corneal epithelial cells [@ppat.1000852-Pu1],[@ppat.1000852-Bai1]. HIV-1 proteins were allowed to interact with the epithelial cells for 24 hours at 37°C.

Gp120 neutralization assay {#s4e}
--------------------------

To test the role of gp120, HIV-1 IIIB was incubated at 37C with a recombinant human monoclonal neutralizing antibody against HIV-1 gp120 (IgG1, clone 2G12, Polymun Scientific, Austria) at a concentration of 35µg/ml or an isotype control antibody (Southern Biotechnology, Birmingham, USA) at same concentration for 1 hour. TERs were measured prior to and post-exposure.

Quantitative real-time reverse transcriptase polymerase chain reaction of tight junction proteins {#s4f}
-------------------------------------------------------------------------------------------------

Quantitation of tight junction gene expression in epithelial cells post-HIV-1 exposure and comparison with unexposed control epithelial cells was done by real time quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) with Syber Green. The tight junction genes examined were Claudin 1, 2, 3, 4, 5, ZO-1, and Occludin. ECs were lysed by Trizol reagent, total RNA was extracted by RNeasy mini kit (Qiagen Inc., ON, Canada) and treated with DNase column (RNase-free DNase set, Qiagen Inc., ON, Canada) to remove DNA contamination. The cDNA was synthesized by qScript™ cDNA supermix (Quanta Bioscience Inc., Gaithersburg, MD, US) according to manufacturer\'s protocol. Real-time PCR was performed for each tight junction gene mRNA and GAPDH (internal control) in AB7700 SDS V1.7 (Applied Biosystems, Foster City, CA) with the program: 50°C 2 min, 94°C for 10 minutes and 40 cycles at 94°C for 15 s and 60°C for 1 minute. To validate the quantitative real-time RT-PCR protocol, melting curve analysis was performed to check for the absence of primer dimers. The sequence of primers targeting tight junction genes was taken from published studies ([Table 1](#ppat-1000852-t001){ref-type="table"}). The quantitative PCR data was analyzed using the comparative CT method [@ppat.1000852-Schmittgen1]. Briefly the difference in cycle times, ΔCT, was determined as the difference between the tested gene and the reference house keeping gene GAPDH. ΔΔCT was obtained by finding the difference between exposed and mock-treatment groups for each gene. The fold change was calculated as FC = 2^−ΔΔCT^ and results were expressed as fold decrease following HIV exposure compared to mock-treated control cultures.

Immunofluorescent staining for tight junction proteins {#s4g}
------------------------------------------------------

Following treatment, EC monolayers were fixed in 4% Paraformaldehyde, permeabilized with 0.1% Triton X-100 (Mallinckrodt Inc., Paris, KY), and blocked for 30 minutes in blocking solution (5% bovine serum albumin and 5% goat serum (Sigma-Aldrich, ON, Canada) in 0.1% Triton X-100\]. Primary antibodies (rabbit anti-human claudin-2, rabbit anti-human Occludin, or rabbit anti-human ZO-1 from Zymed Laboratories, CA, USA) were diluted (2 µg/ml) in blocking solution and incubated with monolayers for 1 hour at room temperature. Normal rabbit serum was used as a negative control to check the specificity of primary antibodies. Following incubation with primary antibodies the monolayers were washed with PBS and secondary antibody, Alexa Fluor 488 goat anti-rabbit IgG (1.5 µg/ml, Molecular Probes, Eugene, OR) was added for 1 hour at room temperature. Nuclear counterstaining was done with Propidium Iodide (500nM, Molecular Probes, Eugene, OR). After extensive washing, filters were excised from the polystyrene inserts and mounted on glass slides in mounting medium (Vectashield mounting medium, Vector Lab, CA, USA). All samples were imaged on an inverted confocal laser-scanning microscope (LSM 510, Zeiss, Germany) using standard operating conditions (63× objective, optical laser thickness of 1µm, image dimension of 512×512, lasers: argon (450nm) and HeNe (543nm) for ZO-1 and nuclear staining, respectively. For each experiment, confocal microscope settings for image acquisition and processing were identical between control and treated monolayers and 3 separate, random images were acquired and analyzed for each experimental condition. Each experiment was repeated at least 3 times. Monolayers were scanned in an apical to basolateral sequence and sequential image sets were analyzed by image analysis software (Image J, NIH) to measure the areas of both fluorescently stained ZO-1 and cellular nuclei. Images are presented as either *en face* to illustrate the distribution of tight junction protein immunoreactivity or as a composite *Z*-stack reconstruction, which shows the monolayer in transverse profile with the basally located nuclei identified by propidium iodide staining (red) and tight junction proteins by fluorescein isothiocyanate labeled secondary antibodies (green). For [Figure 4A--C](#ppat-1000852-g004){ref-type="fig"}, optical sections (XY planes) through the apical regions of monolayers were stacked to represent complete tight junction ZO-1 staining distribution in order to make direction comparison between control and experimental counterparts.

MTT viability assay {#s4h}
-------------------

MTT assay was used to determine viability of HIV-1 exposed monolayers and compared to unexposed control monolayers. The assay was performed according to manufactures instructions (Biotium Inc., CA, USA). Briefly, human primary endometrial epithelial cells and T84 intestinal epithelial cells were seeded on 96-well plates at a density of 10^3^ cells/well and allowed to attach to the plate and grown for 5 days. Triplicate wells were treated with media or exposed with laboratory strains of HIV-1 (10^4^ infectious viral units/ml, MOI 1∶1) in 100 µl quantity. After 24 hours incubation, 10 µl of MTT solution was added and incubated for 4h at 37°C. After incubation, the medium was discarded and the purple blue sediment was dissolved in 200 µl DMSO. The relative optical density (OD)/well were determined at a test wavelength of 570 nm in a ELISA reader using a 630 nm reference wavelength. The MTT assay is based on the cleavage of the yellow tetrazolium salt (MTT) to purple formazan by metabolically active cells, based on their mitochondrial activity. Cell viability was expressed as a percentage of untreated cells, which served as a negative control group and was designated 100%; the results are expressed as % of negative control. All assays were performed in triplicate.

Blue Dextran leakage assay {#s4i}
--------------------------

Blue Dextran dye was dissolved in primary medium (2.3 mg/ml, [@ppat.1000852-Velarde1]) and added to the apical surface of confluent epithelial cell monolayers grown on 0.4µm pore size culture inserts. At various time intervals, post-HIV-1 exposure, 50ml of basolateral medium was sampled and replaced by equal volume of primary growth media. Blue Dextran dye in basolateral samples was measured using a microplate reader (Safire, tecan, NC, USA) at 610nm and the optical density was expressed as a % of density of dye added to the apical medium at the beginning of experiment (Time "0").

Cytokine analysis {#s4j}
-----------------

Apical and basolateral supernatants were analyzed for multiple cytokines using the Luminex multianalyte technology (Luminex Corporation, Austin, TX, USA) as described before [@ppat.1000852-Nazli1]. Multiplex bead-based sandwich immunoassay kits (Upstate Biotech, Millipore, MA, USA) were used to measure levels of IL-1β, IL-6, IL-8, IL-10, MCP-1 and TNF-α, as per the manufacturer\'s instructions. Primary endometrial EC and T84 monolayers were exposed to HIV-1 (ADA strain, 10^6^ infectious viral units/ml) and apical and basolateral supernatants were collected after 24 hours. Minimum detection limit for the cytokines were 0.1 pg/ml for TNF-α, 0.2 pg/ml for IL-8, 0.3 pg/ml for IL-6 and IL-10, 0.4 pg/ml for IL-1β, 0.9 pg/ml for MCP-1. Levels detected at or below this limit were considered and reported as undetectable.

TNF-α neutralization assay {#s4k}
--------------------------

Epithelial cells were grown to confluence and treated with TNF-α (20ng/ml) or HIV-1 (ADA, 10^6^ infectious viral units /ml ) for 24 hours. To test the role of TNF-α, mouse anti-human TNF-α neutralizing antibody (25 µg/ml) (R&D Systems, USA) or normal mouse serum (25 µg/ml) was added to confluent monolayers for 1 hour at 37C prior to treatment with TNF-α (20ng/ml) or HIV-1. Barrier function was determined by TER measurements before and after treatment.

Bacterial and HIV-1 translocation {#s4l}
---------------------------------

For bacterial translocation experiments, non-pathogenic *E. coli* strain HB101 was grown and cultured in Luria-Bertani (LB) broth (Invitrogen, Canada). T84 cells were grown to confluence on 3.0-µm-pore-size filters (BD Falcon, Canada), transferred to antibiotic-free Hanks solution, and treated with TNF-α (20ng/ml), *E.coli* (10^8^ CFU/ml), HIV-1 (10^6^ infectious virus units/ml) for 6h, HIV-1 (10^6^ infectious viral units/ml) for 24h, TNF-α+*E.coli*, HIV-1 +*E.coli* at the same time for 6h and HIV-1 for 24h + *E.coli* for 6h. Some wells were left untreated as negative controls. TER was measured before and after treatment and basolateral supernatants were collected 6 hours after the addition of *E. Coli* to detect bacterial translocation to the basolateral side. The supernatants were diluted and plated on LB agar and incubated for 24h followed by enumeration of bacterial colony counts.

For viral translocation, HIV-1 was added to the apical surface of confluent EC monolayers at a concentration of 10^5^ infectious viral units/well and basolateral supernatants were collected at different time intervals. Viral counts were determined using TZMb-1 indicator cell assay.

For assessment of LPS leakage, LPS (100ng/ml; from *E.coli* O26:B6; Sigma-Aldrich, MO, USA) was added to the apical surface of confluent EC monolayers, 24h post-exposure to HIV and compared with unexposed controls. Basolateral supernatants were collected 1 hour after addition of LPS and LPS leakage was measured by measuring LPS levels in the basolateral supernatants by Pyrochrome LPS detection kit (Cape Cod incorporated, MA, USA) according to the manufacturer\'s instructions.

Statistical analysis {#s4m}
--------------------

GraphPad Prism Version 4 (GraphPad Software, San Diego, CA) was used to compare three or more means by 2 way analysis of variance (ANOVA). When an overall statistically significant difference was seen, post-tests were performed to compare pairs of treatments, using the Bonferroni method to adjust the *p*-value for multiple comparisons. An alpha value of 0.05 was set for statistical significance. *p*-Values for each analysis are indicated in figure legends.

Accession numbers of genes and proteins {#s4n}
---------------------------------------

TNF-a (NCBI Accession number AAD18091), IL-8 (NCBI Accession number CAA77745), IL-6 (NCBI Accession number AAD13886), IL-10 (NCBI Accession number AAA63207), IL-1b (NCBI Accession number AAC03536), MCP-1 (NCBI Accession number AABB29926). ZO-1 (GeneBank Accession number NM_003257), Occludin (GeneBank Accession number NM_002538), Claudin-1 (Genebank Accession number NM_021101, Claudin-2 (Genebank Accession number NM_020384), Claudin-3 (Genebank Accession number NM_001306), Claudin-4 (Genebank Accession number NM_001305), Claudin-5 (Genebank Accession number NM_003277), GAPDH (Genebank Accession number NM_002046).

The authors would like to thank the Clinical Pathology Staff at Hamilton Health Sciences Center for their assistance in providing genital tract tissues. We thank the women who donated their tissues for this study. We would also like to thank Dr. A. Ashkar for useful discussions and Suzanna Goncharova for technical assistance with Luminex assays.

The authors have declared that no competing interests exist.

This work was supported by operating grants from the Canadian Institute of Health Research (CIHR; <http://www.cihr-irsc.gc.ca/e/193.html>), Ontario HIV Treatment Network (OHTN; <http://www.ohtn.on.ca/>) and Canadian Foundation for AIDS Research (CANFAR; <http://www.canfar.ca/index.php?option=com_frontpage&Itemid=1&=en>) (to CK) and CIHR HIV Emerging Team Grant HET-85518. CK is supported by a CIHR New Investigator Grant. The funders had no role in study design, data collection and analysis, decision to publish or preparation of the manuscript.

[^1]: Conceived and designed the experiments: AN CK. Performed the experiments: AN OC. Analyzed the data: AN OC ALA CK. Contributed reagents/materials/analysis tools: WNDB MO MJT SDGO CK. Wrote the paper: AN CK.
